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Abstract
The present study compared the perception of visual motion in two dyslexia classiWcation schemes; the [Boder, E. (1973). Developmen-
tal dyslexia: a diagnostic approach based on three atypical reading-spelling patterns. Developmental Medicine and Child Neurology, 15,
663–687.] dyseidetic, dysphonetic and mixed subgroups and [Williams, M. J., Stuart, G. W., Castles, A., & McAnally, K. I. (2003). Contrast
sensitivity in subgroups of developmental dyslexia. Vision Research, 43, 467–477.] surface, phonological and mixed subgroups by measur-
ing the contrast sensitivity for drifting gratings at three spatial frequencies (1.0, 4.0, and 8.0 c/deg) and Wve drift velocities (0.75, 3.0, 6.0,
12.0, and 18.0 cyc/s) in a sample of 32 children with dyslexia and 32 matched normal readers. The Wndings show that there were no diVer-
ences in motion direction perception between normal readers and the group with dyslexia when dyslexia was taken as a homogeneous
group. Motion direction perception was found to be intact in the dyseidetic and surface dyslexia subgroups and signiWcantly lowered in
both mixed dyslexia subgroups. The one inconsistency in the Wndings was that motion direction perception was signiWcantly lowered in
the [Boder, E. (1973). Developmental dyslexia: a diagnostic approach based on three atypical reading-spelling patterns. Developmental
Medicine and Child Neurology, 15, 663–687.] dysphonetic subgroup and intact in the [Williams, M. J., Stuart, G. W., Castles, A., & McA-
nally, K. I. (2003). Contrast sensitivity in subgroups of developmental dyslexia. Vision Research, 43, 467–477.] phonological subgroup.
The Wndings also provide evidence for the presence of a disorder in sequential and temporal order processing that appears to reXect a
diYculty in retaining sequences of non-meaningful auditory and visual stimuli in short-term working memory in children with dyslexia.
© 2006 Elsevier Ltd. All rights reserved.
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Although there is broad agreement that visual percep-
tion plays a fundamental role in reading, its role in the
development of dyslexia has been vigorously debated
(Gross-Glen et al., 1995; Hayduck, Bruck, & Cavanagh,
1996; Walther-Muller, 1995). The original evidence for the
recent debate was provided in a series of studies by Love-
grove and colleagues on carefully selected and assessed
groups of children with developmental dyslexia (Love-
grove, 1993, 1996; Lovegrove, Heddle, & Slaghuis, 1980;
Lovegrove, Martin, & Slaghuis, 1986b; Slaghuis & Love-
grove, 1985). These studies provided evidence for lowered
contrast sensitivity in children with dyslexia (Lovegrove,
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1986b; Martin & Lovegrove, 1987, 1988), and evidence for
longer durations of visible persistence (Badcock & Love-
grove, 1981; Lovegrove & Heddle et al., 1980; Slaghuis &
Lovegrove, 1984, 1985, 1986a, 1986b; Slaghuis, Lovegrove,
& Davidson, 1993). In addition, the diVerences in visual
processing in dyslexia were shown to precede the com-
mencement of reading (Lovegrove, Slaghuis, Bowling, Nel-
son, & Geeves, 1986a, 1986c), and to continue into late
adolescence and adulthood (Slaghuis & Pinkus, 1993; Sla-
ghuis, Twell, & Kingston, 1996). More recent research on
developmental dyslexia has provided convergent evidence
for a visual processing disorder in dyslexia using contrast
sensitivity (e.g., Cornellisen, Richardson, Mason, Fowler, &
Stein, 1995; Felmingham & Jacobson, 1995; Edwards, Hog-
ben, Clark, & Pratt, 1996; see Lovegrove, 1996; and Stein &
Talbot, 1999; for extensive reviews), coherent global
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2000), visual evoked potentials (e.g., Kubova, Kuba, Pere-
grin, & Novakova, 1995; Lehmkuhle, Garzia, Turner, Hash,
& Baro, 1993; Livingstone, Rosen, Drislane, & Galaburda,
1991; May, Lovegrove, Martin, & Nelson, 1991; Mecacci,
Sechi, & Levi, 1983), physiological and anatomical analysis
(Livingstone et al., 1991), and functional magnetic reso-
nance imaging (Eden et al., 1996). Taken together, the
above Wndings in contrast sensitivity in dyslexia were inter-
preted to provide convergent evidence for a disorder in
visual processing in magnocellular channels. However, as
pointed out by Williams, Stuart, Castles, and McAnally
(2003), there are a number of alternative possible
approaches to the question of visual deWcits in dyslexia. For
example, one possibility proposes that magnocellular and
parvocellular channels are intact but that there is an abnor-
mal interaction between them, such as a failure of mutual
inhibition (Slaghuis & Pinkus, 1993). Other possibilities are
that the visual disorder in dyslexia is located in higher
visual areas that receive dominant, but not exclusive, mag-
nocellular pathway projections which may explain the dis-
ordered perception of coherent global motion in dyslexia
(e.g., Cornellisen et al., 1995; Talcott et al., 2000; Slaghuis &
Ryan, 1999), or that visual disorder is only found in speciWc
subgroups of dyslexia (e.g., Borsting et al., 1996; Slaghuis &
Ryan, 1999), or that there is no evidence for diVerences in
contrast sensitivity in dyslexia (e.g., Sperling, Zhong-Lin,
Manis, & Seidenberg, 2005; Stuart, McAnally, & Castles,
2001; Williams et al., 2003).
In the heat of the recent debate about the role of visual
processing in developmental dyslexia little attention has
been given to the original evidence which demonstrated
that not every child with developmental dyslexia had a
visual processing disorder (Slaghuis & Lovegrove, 1985).
This evidence showed that the incidence of disordered
visual processing in dyslexia occurs with a frequency of
approximately 75% (Lovegrove et al., 1986b; Slaghuis &
Lovegrove, 1985; see Lovegrove, 1993, 1996, for reviews).
In addition, research has also shown that visual processing
is diVerent in particular subgroups of developmental dys-
lexia. For example, research by Borsting et al. (1996) found
that contrast sensitivity was signiWcantly diVerent in
Boder’s (1970, 1973) dyseidetic and dysphonetic dyslexia
subgroups. Boder’s (1970, 1973) classiWed dyslexia into
phonemic-linguistic (dysphonetic) and visual-perceptual
(dyseidetic) and mixed subgroups based on the auditory
and visual errors found in reading and spelling perfor-
mance in these subgroups. Dyseidetic dyslexia, which
occurs with a prevalence of 10–30% (Flynn & Boder, 1991),
is characterised by a relative strength in phonic analysis
that allows the correct reading and spelling of known and
unknown phonetic words. In addition, this group shows a
weakness in the visual recognition of whole words and poor
memory for the visual conWgurations of letters and words
that results in very slow reading, as if each word is seen for
the Wrst time. The dysphonetic group is characterised by a
relative strength in the visual recognition of whole wordsand a weakness in the auditory analytic process that results
in a diYculty integrating symbols with their sounds that
results in phonetically inaccurate misspelling of ‘known’
and ‘unknown’ words. Finally, mixed dyslexia is character-
ised by a limited sight vocabulary and very poor and
bizarre spelling with the exception being those few words
that are in their known sight vocabulary. The reading and
spelling pattern in the mixed subgroup point to a weakness
in both the visual recognition and phonetic analysis of
words. A similar distinction between phonological (phone-
mic) and surface (or visual) dyslexia, based on diVerent
kinds of reading errors, has been made in acquired dyslexia
which refers to a condition in which a reading disorder fol-
lows a brain injury (Coltheart, 1980; Castles & Coltheart,
1993). An individual with surface dyslexia can read non-
words and regular words but is less able to read irregular
words, and an individual with phonological dyslexia is
more able to read words but has extreme diYculty reading
non-words. A number of studies in developmental dyslexia
have shown that the Boder (1973) dyseidetic and dyspho-
netic subgroups may be further distinguished by the way
they process visual information. For example, Borsting
et al. (1996) measured contrast sensitivity at six spatial fre-
quencies (0.5–12.0 c/deg) that were modulated at a temporal
frequency of 1.0 and 10.0 Hz in 26 adults, nine with dysei-
detic dyslexia, eight with dysphonetic dyslexia, and nine
normal readers. Their results showed that there were no
diVerences in contrast sensitivity at any spatial frequency
between normal readers and the dyseidetic group. In addi-
tion, there were no diVerences in contrast sensitivity at any
spatial frequency modulated at 1.0 Hz in the dyseidetic and
dysphonetic subgroups in comparison with normal readers,
but 10.0 Hz the dysphonetic group showed lower contrast
sensitivity at 0.5, 1.0, and 2.0 c/deg and no signiWcant diVer-
ences at higher spatial frequencies. Borsting et al. (1996)
concluded that the lowered contrast sensitivity at a combi-
nation of 0.5, 1.0, and 2.0 c/deg and 10.0 Hz in the dyspho-
netic subgroup was consistent with a magnocellular
channel disorder. The Wndings by Borsting et al. (1996)
were supported in a subsequent study on contrast sensitiv-
ity in dyslexia by Ridder, Borsting, Cooper, and Huang
(1997). A recent study by Williams et al. (2003) used the
Castles and Coltheart (1993) surface and phonological sub-
group classiWcation scheme and extended it to include a
subgroup with mixed dyslexia in order to investigate con-
trast sensitivity in a group of normal readers and a group of
20 children with dyslexia. Contrast sensitivity was mea-
sured for a low spatial frequency Gaussian blob that was
Xickered at 8.33 Hz to engage magnocellular channels, and
an 8.0 c/deg grating, which was ramped on and oV slowly,
was used to engage parvocellular channels. They found that
there were no signiWcant diVerences in contrast sensitivity
between normal readers and the surface, phonological and
mixed subgroups in response to the parvocellular and mag-
nocellular engaging stimuli.
Of all the studies on visual processing in dyslexia rather
few have examined subgroup performance, and of those
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et al., 1996; Ridder et al. (1997); Slaghuis & Ryan, 1999;
Wilson, Ferrara, & Yo, 1995). To date, no study has mea-
sured directional motion contrast sensitivity for drifting
gratings in dyslexia, and no study has conducted a compar-
ison of motion sensitivity in the Boder (1973) and Williams
et al. (2003) subgroup classiWcation schemes in the same
group with dyslexia. Accordingly, the present research
investigated directional motion contrast sensitivity in the
Boder (1973) dyseidetic, dysphonetic, and mixed subgroups
and the Williams et al. (2003) surface, phonological and
mixed subgroups classiWcation schemes in a large and rep-
resentative sample of children with developmental dyslexia
(n D 32) and matched normal readers (n D 32). Directional
motion sensitivity has been extensively researched in nor-
mal adult observers (Tolhurst, 1973; Bonnet, 1982) and this
has shown that the contrast sensitivity function for drifting
spatial frequency gratings resembles an inverted U-shaped
function of drift velocity with a peak in motion contrast
sensitivity at a constant 6.0 cyc/s. The beneWt of measuring
directional motion sensitivity in dyslexia is that it is useful
for making inferences about the functioning of magnocellu-
lar channels (Bonnet, 1982; Breitmeyer, 1973). For example,
combinations of low spatial frequency and medium to high
temporal frequencies are known to maximally engage direc-
tionally selective magnocellular channels (Merigan &
Maunsell, 1990), and combinations of medium to high spa-
tial frequency gratings and low temporal frequencies are
known to engage non-directional selective parvocellular
channels in the visual system (Breitmeyer, 1973; Watson,
Thompson, Murphy, & Nachmias, 1980). In the present
study, the contrast sensitivity for the direction of visual
motion was measured at three spatial frequencies (1.0, 4.0,
and 8.0 c/deg) and Wve drift velocities (0.75, 1.5, 3.0, 6.0, and
12.0 cyc/s). On the assumption of a magnocellular channel
disorder in children with developmental dyslexia, a signiW-
cant reduction in directional motion contrast sensitivity
would be expected for a combination of low spatial fre-
quency and medium to high drift velocities. Based on the
evidence from previous studies (Borsting et al., 1996; Rid-
der et al., 1997; Slaghuis & Ryan, 1999; Williams et al.,
2003) it is expected that there will be no signiWcant diVer-
ences in motion sensitivity between normal readers and
subgroups with dyseidetic and surface dyslexia and, in com-
parison with these groups, directional motion sensitivity is
expected to be lower in the dysphonetic, phonological, and
mixed subgroups.
2. General methods
2.1. Participants
2.1.1. Criteria for selection of participants with dyslexia
The selection criteria for the group with dyslexia are outlined by Stan-
ley and Hall (1973) and were as follows; First, a reading delay of 2.5 years
or more below that expected for their age level as measured by an appro-
priate reading test. Second, average to above average intellectual ability as
measured by an appropriate individual intelligence test and performanceapproximately equal to that of normal readers in other academic subjects.
Third, English as the Wrst language in English speaking countries. Finally,
no visual and auditory impairments, and no gross behavioural or emo-
tional problems. To meet the above selection criteria all subjects were
assessed using the Wechsler Intelligence Scale for Children (WISC;
Wechsler, 1991), the Neale Analysis of Reading Ability (Neale, 1966), the
South Australian Spelling Test-Revised (Westwood, 1979), a Word–Non-
word reading test (Castles, 1994), and the Boder Test of Spelling Patterns
(Boder & Jarrico, 1982).
2.2. Participant characteristics
Two groups of subjects were recruited from local primary and second-
ary schools, a group of 32 children with dyslexia and a group of 32 normal
readers matched for age, gender, and intellectual ability. All children with
dyslexia had received some reading remediation support to improve their
reading and spelling problems in school based remediation programs. No
subject was known to have a neurological or psychiatric illness and all had
normal, or corrected to normal, Landolt C visual acuity. Table 1 shows the
dyslexia group characteristics. The age range for the groups was 7.11–
17.05 years of age and mean age were not signiWcant diVerent,
F (1, 62) D 0.78, p > .05. Intellectual ability was assessed using the Wechsler
(1991) Intelligence Scale for Children. In comparison with normal readers
the mean Full-scale IQ, F (1, 62) D 5.84, p < .02, and mean Verbal IQ,
F (1, 62) D 11.62, p < .001, were signiWcantly lower in the group with dys-
lexia, but there were no signiWcant diVerences between the groups in mean
Performance IQ, F (1, 62) D 0.20, p > .05. Reading ability was assessed
using the Neale Analysis of Reading Ability (Neale, 1966) which contains
norms for reading rate, reading accuracy, and reading comprehension. A
mean reading age was calculated for each subject in each group by averag-
ing the reading rate, accuracy, and comprehension scores and these were
found to be signiWcantly lower in the group with dyslexia, F (1, 62) D 77.63,
p < .0001. A mean reading delay score was calculated for each subject in
each group by subtracting the mean reading age from chronological age
and was found to be signiWcantly longer in the group with dyslexia,
F (1, 62) D 72.74, p < .0001. Mean spelling age was signiWcantly lower in the
group with dyslexia, F (1, 62) D 66.36, p < .0001. Reading performance was
also assessed using the Castles (1994) Word–Non-word test which includes
three 30 item subscales that assess the reading of regular, irregular, and
non-words. In comparison with normal readers the group with dyslexia
performed signiWcantly worse on Regular words, F (1, 62) D 44.48,
p < .0001, Irregular words, F (1, 62) D 55.29, p < .0001, and Non-words,
F (1, 62) D 92.33 p < .0001.
The WISC subscales in the subgroups were analysed using the Banna-
tyne (1968) Conceptual (information, vocabulary, similarities, and com-
prehension), Spatial (picture arrangement, block design, and object
assembly), and Sequential (Arithmetic, Digit Span, Coding, and Picture
Completion) classiWcation scheme of the WICS subscales. An examination
of WISC subtest performance revealed that the group with dyslexia per-
formed lower on those subtests that require sequential processing, namely
Coding, F (1, 62) D 7.92, p < .007, Arithmetic, F (1, 62) D 18.10, p < .001,
Digit Span, F (1, 62) D 22.21, p < .001, but not Picture Completion,
F (1, 62) D 0.02, p > .05, and also performed signiWcantly lower on the Con-
ceptual category subtest Information, F (1, 62) D 12.04, p < .001. However,
performance was non-signiWcantly diVerent on those subtests that are
commonly considered to be the best indicators of intellectual ability
namely, Similarities, Comprehension, and Block Design (White, 1983).
2.3. Participant classiWcation
2.3.1. ClassiWcation of Boder (1973) dyseidetic, dysphonetic, and mixed 
subgroups
The group with dyslexia was sub-classiWed using the Boder Test of
Spelling Patterns (Boder & Jarrico, 1982) and the subgroup characteristics
are shown in Table 2. Separate one-way analysis of variance showed that
there was no diVerence in mean age between the groups, F (3, 60) D 0.8,
p > .05. The mean reading delay was signiWcant, F (3, 60) D 35.92, p < .001,
and post hoc Tukey HSD comparisons showed the following diVerences.
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comparison with the control group. Second, there was no diVerence in
mean reading delay between the dyseidetic and dysphonetic group, and in
comparison with the dyseidetic group, the mean reading delay was signiW-
cantly lower in the mixed subgroup. Mean spelling age was also signiW-
cant, F (3, 60) D 30.2, p < .0001, and Tukey post hoc comparisons showed
that mean spelling age was uniformly and signiWcantly lower in the dysei-
detic, dysphonetic, and mixed subgroups. Mean errors on the Castles
(1994) regular, F (3, 60) D 36.14, p < .0001, irregular, F (3, 60) D 34.63,
p < .0001, and non-word, F (3, 60) D 71.48, p > .0001, subscales revealed the
following signiWcant diVerences between the Boder subgroups using Tukey
post hoc comparisons. First, there were no signiWcant diVerences between
the control and dyseidetic subgroups in reading regular and irregular
words, and in comparison with these groups, the reading of regular and
irregular words was signiWcantly worse in the dysphonetic and mixed sub-
groups between which there were no signiWcant diVerence. Second, in com-
parison with the control group, the three Boder subgroups madesigniWcantly more errors on the non-word subtest. Third, in comparison
with the dyseidetic group, the dysphonetic and mixed subgroups made sig-
niWcantly more errors on the non-word subtest. Finally, there was no sig-
niWcant diVerence between the dysphonetic and mixed subgroups on the
non-word subtest.
An analysis of WISC performance in the groups revealed signiWcant
diVerences on WISC Full-scale IQ, F (3,60)D 4.12, p < .0004, and Verbal IQ,
F (3, 60) D 6.94, p < .01, but not on Performance IQ, F (3,60)D 0.65, p > .05.
Tukey HSD comparisons showed that on WISC Full-scale IQ there was no
signiWcant diVerence between the control, dyseidetic and dysphonetic sub-
groups, and in comparison with the control group, mean Full-scale IQ was
lower in the mixed subgroup. Tukey post hoc comparisons showed that there
was no signiWcant diVerence between the control, dyseidetic and dysphonetic
groups on the Verbal IQ scale, and in comparison with the control and dysei-
detic group, mean Verbal IQ was lower in the mixed subgroup. Finally,
Tukey post hoc comparisons showed that there were no signiWcant diVer-
ences in mean Performance IQ between the control and Boder subgroups.Table 1
Psychometric test results in normal readers and in the group with dyslexia (means and standard deviations)
Control (n D 32) Dyslexia (n D 32) p
Age 12.9 (2.2) 12.4 (2.3) ns
WISC-III
Verbal scale IQ 101.3 (9.8) 93.0 (9.4) .001
Performance scale IQ 102.5 (10.1) 101.3 (10.8) ns
Full-scale IQ 101.9 (7.9) 96.4 (10.0) .02
Information1 10.4 (2.5) 8.1 (2.8) .001
Vocabulary 9.2 (2.0) 8.2 (1.7) .001
Arithmetic1 10.8 (3.1) 7.6 (2.8) .001
Digit span 10.0 (2.7) 7.2 (1.9) .001
Coding 9.5 (2.1) 7.7 (2.7) .006
Neale (1966) Reading Test
Mean reading age 12.1 (1.6) 8.4 (1.7) .001
Mean reading delay (Years) 0.8 (1.7) ¡4.0 (1.8) .001
Westwood (1979) Spelling Test
Spelling age 12.3 (2.5) 7.8 (1.4) .001
Castles (1994) Test (Errors /30)
Regular words 0.2 (0.5) 11.6 (9.6) .001
Irregular words 4.0 (3.3) 16.2 (8.6) .001
Non-words 1.3 (1.2) 18.4 (1.7) .001Table 2
Psychometric test results in normal readers and in the Boder (1973) dyseidetic, dysphonetic, and mixed dyslexia subgroups (means and standard devia-
tions)
Boder (1973) subgroups
Control (n D 32) Dyseidetic (n D 10) Dysphonetic (n D 10) Mixed (n D 12)
Age 12.9 (2.2) 12.9 (2.4) 11.6 (2.2) 12.5 (2.3)
WISC-III
Verbal scale IQ 101.3 (9.8) 97.9 (9.0) 95.1 (11.1) 87.3 (4.6)
Performance scale IQ 102.5 (10.1) 102.7 (13.3) 103.7 (11.9) 98.1 (7.2)
Full-scale IQ 101.9 (7.9) 99.8 (11.3) 99.0 (11.4) 91.5 (5.3)
Information1 10.4 (2.5) 8.9 (1.5) 8.7 (1.2) 6.9 (2.5)
Arithmetic1 10.8 (3.1) 8.5 (2.3) 8.3 (1.0) 6.3 (2.6)
Digit span 10.0 (2.7) 8.4 (2.0) 7.1 (0.5) 6.5 (1.7)
Coding 9.5 (2.1) 8.2 (2.3) 8.9 (0.9) 4.9 (2.5)
Neale (1966) Reading Test
Mean reading age 12.1 (1.6) 9.8 (1.8) 8.3 (1.7) 7.4 (0.9)
Reading delay (Years) ¡0.8 (1.7) ¡ 3.1 (1.3) ¡3.3 (1.3) ¡5.1 (1.8)
Westwood (1979) Spelling Test
Spelling age 12.3 (2.5) 9.5 (1.1) 7.6 (1.5) 7.0 (0.8)
Castles (1994) Test (errors/30)
Regular words 0.2 (0.5) 3.2 (2.9) 13.4 (10.4) 17.4 (8.0)
Irregular words 4.0 (3.3) 9.0 (5.0) 17.9 (9.3) 21.0 (6.6)
Non-words 1.3 (1.2) 8.7 (5.4) 21.1 (10.6) 24.0 (5.8)
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Bannatyne’s (1968) Conceptual (information, vocabulary, similarities, and
comprehension), Spatial (picture arrangement, block design, and object
assembly), and Sequential (Arithmetic, Digit Span, Coding, and Picture
Completion) classiWcation scheme. One-way analysis of variance followed
by Tukey post hoc comparisons revealed signiWcant diVerences in the
Sequential category subscales Arithmetic, F (3, 60) D 7.39, p < .0001, Digit
Span, F (3, 60) D 8.81, p < .0001, Coding, F (3, 60) D 4.74, p < .004, and the
Conceptual category Information subscale, F (3, 60) D 5.38, p < .002.
Tukey post comparisons showed the following diVerences. There were no
signiWcant diVerences between the three subgroups on Arithmetic, Digit
Span, and Coding, and Information, and there were no signiWcant diVer-
ences between the control and dyseidetic group on Arithmetic, Digit Span,
Coding, and Information. In comparison with the control group, mean
Arithmetic was signiWcantly lower in the mixed subgroup, mean Digit
Span was lower in the dysphonetic and mixed subgroups, and mean Cod-
ing was signiWcantly lower in the mixed subgroup. Finally, in comparison
with the control performance on Information was signiWcantly lower in
the mixed subgroup.
2.3.2. ClassiWcation of the dyslexia group into surface, phonological, and 
mixed dyslexia subgroups
The Castles (1994) Word/Non-word test includes norms for the normal
ranges of reading performance on each subtest with scores outside this
range representing reading performance more than one standard deviation
above or below average performance. Using these norms the reading per-
formance in the group with dyslexia was almost entirely more than 1.0
standard deviation below average performance and this uniformly low
performance could not be used to diVerentiate subjects into subgroups.
Williams et al. (2003) used two standard deviation diVerences to allocate
subjects into surface, phonological and mixed subgroups, but because of
the uniformly low reading performance in our dyslexia group the Williams
et al. (2003) allocation procedure was modiWed as follows. Following a
standarisation of the Castles (1994) regular, irregular, and non-word read-
ing error scores, a subject was allocated into the surface subgroup if read-
ing performance on the irregular word test was more than 0.5 standard
deviation lower than reading performance on the non-word test. A subject
was allocated into the phonological subgroup if reading performance on
the non-word test was more than 0.5 standard deviation lower than read-
ing performance on the Irregular word test. A subject was allocated to the
mixed subgroup if reading performance on the irregular and non-word
subtests was uniformly low and the diVerence was no larger than 0.5 stan-dard deviation. The allocation process resulted in a surface dyslexia sub-
group of 6, a phonological subgroup of 10, and a mixed subgroup with 16
subjects, and an analysis of the reading deviation scores showed that these
were signiWcantly diVerent in the three subgroups, F (2, 29) D 19.96,
p < .00001. The two Boder (1973) and Williams et al. (2003) classiWcation
schemes resulted in a somewhat diVerent mix of subjects, but the agree-
ment of subjects in the two classiWcations was signiWcant, Cohen’s kappa
was K D .724, p < .001, with 9.3% agreement for the dyseidetic–surface sub-
groups, 15.6% for the dysphonetic–phonological subgroups, 21.8% for the
mixed subgroups, and an overall agreement of 46.8%.
Table 3 shows the characteristics of the surface, phonological and
mixed subgroups. Mean age in the groups was non-signiWcant,
F (3, 60) D 0.63, p > .05. Reading delay was signiWcant, F (3, 60) D 25.24,
p < .0001, and Tukey post hoc comparisons showed that in comparison
with normal readers mean reading age was uniformly and signiWcantly
lower in the dyseidetic, dysphonetic, and mixed subgroups and there were
no diVerences between the subgroups. Mean spelling age was signiWcant,
F (3, 60) D 21.73, p < .0001, and Tukey post hoc comparisons showed that
mean spelling age was uniformly and signiWcantly lower in the dyseidetic,
dysphonetic, and mixed subgroups between which there were no diVer-
ences. On the Word–Non-word test (Castles, 1994) the reading of Regular
words, F (3, 60) D 16.71, p < .001, and Irregular words, F (3, 60) D 20.69,
p < .0001, was signiWcant, and Tukey post hoc comparisons revealed that
in comparison with normal readers all subgroups performed signiWcantly
worse and there were no signiWcant diVerences among the three subgroups.
The reading of non-words was signiWcant, F (3, 60) D 34.40, p < .0001. Post
hoc tests showed that in comparison with the normal readers non-word
reading was signiWcantly lower in the three subgroups, and in comparison
with the surface dyslexia subgroup, the reading of non-words was signiW-
cantly lower in the phonological subgroup and marginally lower in the
mixed subgroup (p D .07).
An analysis of WISC performance in the groups revealed signiWcant
diVerences on WISC Full-scale IQ, F (3, 60) D 4.02, p < .0004, and Verbal
IQ, F (3, 60) D 7.02, p < .001, but not on Performance IQ, F (3, 60) D 0.41,
p > .05. Tukey post hoc comparisons revealed that mean Full-scale and
Verbal IQ was signiWcantly lower in the mixed subgroup in comparison
with normal readers. There were no diVerences between normal readers
the three subgroups in mean Performance IQ. An analysis of the WISC
performance on the Bannatyne’s (1968) Conceptual (Information, Vocab-
ulary, Similarities, and Comprehension), Spatial (Picture Arrangement,
Block Design, and Object Assembly), and Sequential (Arithmetic, Digit
Span, Coding, and Picture Completion) classiWcation scheme in theTable 3
Psychometric tests in normal readers and in the Williams et al. (2003) surface, phonological and mixed dyslexia subgroups (means and standard devia-
tions)
Williams et al. (2003) subgroups
Control (n D 32) Surface (n D 6) Phonological (n D 10) Mixed (n D 16)
Age 12.9 (2.2) 11.9 (1.8) 13.0 (1.9) 12.2 (2.7)
WISC-III
Verbal scale IQ 101.3 (9.8) 91.6 (6.7) 99.8 (11.1) 89.3 (8.2)
Performance scale IQ 102.5 (10.1) 102.0 (13.5) 103.8 (11.4) 99.5 (9.8)
Full-scale IQ 101.9 (7.9) 96.0 (10.0) 101.8 (10.4) 93.2 (8.8)
Information1 10.4 (2.5) 7.6 (2.5) 9.9 (3.2) 7.1 (2.3)
Arithmetic1 10.8 (3.1) 7.1 (2.7) 9.1 (2.9) 6.8 (2.7)
Digit span 10.0 (2.7) 8.0 (2.0) 6.3 (1.3) 7.6 (2.0)
Coding 9.5 (2.1) 8.1 (2.3) 7.1 (1.4) 8.0 (3.4)
Neale (1966) Reading Test
Mean reading age 12.1 (1.6) 8.7 (1.8) 8.8 (1.0) 8.7 (2.0)
Reading delay (Years) ¡0.8 (1.7) ¡3.1 (1.2) ¡4.3 (1.8) ¡4.0 (1.9)
Westwood (1979) Spelling Test
Spelling age 12.3 (2.5) 8.5 (1.8) 7.9 (1.1) 7.8 (1.8)
Castles (1994) Test (errors/30)
Regular words 0.2 (0.5) 10.1 (10.6) 8.8 (4.7) 14.1 (11.4)
Irregular words 4.0 (3.3) 17.5 (10.3) 12.7 (4.5) 18.1 (9.7)
Non-words 1.3 (1.2) 12.8 (10.6) 21.1 (9.7) 18.8 (10.6)
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in the Sequential category subscales, Arithmetic, F (3, 60) D 7.38, p < .0001,
Digit Span, F (3, 60) D 8.33, p < .0001, and Coding, F (3, 60) D 2.96, p < .04,
and in Conceptual category subtest Information, F (3, 60) D 6.76, p < .002.
Tukey post hoc comparisons showed the following signiWcant diVerences.
First, there were no signiWcant diVerences between the three subgroups in
Arithmetic, Digit Span, Coding, and Information subscales. Second, in
comparison with the control group, performance in Arithmetic was signiW-
cantly lower in the surface and mixed subgroups. Third, performance in
Digit Span and Coding were signiWcantly lower in the phonological and
mixed subgroups, and Wnally, Information was signiWcantly lower in the
mixed subgroup.
2.4. Apparatus and stimuli
The apparatus consisted of an IBM 486 compatible computer that
controlled an Innisfree Image Generator (Innisfree, Inc., Cambridge, MA),
and a Tektronix 608 X, Y display oscilloscope with P31 phosphor that
decays to 1% intensity within 0.25 ms after target stimulus oVset. Stimulus
presentation, the collection of subject responses, the calculation of direc-
tional motion contrast thresholds, and conversion to contrast sensitivity
values was entirely under computer control. The dimensions of the X, Y
display oscilloscope screen were 4.03° horizontally by 3.36° vertically and
the luminance of the oscilloscope screen was 24.7 cd/m2. The viewing dis-
tance was 1.7 m and was controlled by chin rest. The oscilloscope screen
sat within an adjacent surround screen with outer dimensions of 18.5° hor-
izontal by 12.27° vertical and was matched in colour to the green (P31
phosphor) of the illuminated oscilloscope screen. The surround screen was
dimly front illuminated at 1.2 lux from four occluded Xuorescent light
sources which were housed within a second front projecting frame with
inner dimensions of 18.5° horizontal by 12.27° vertical and outer dimen-
sions of 26.3° horizontal and 20.3° vertical. The purpose of the surround
screen was to provide an illuminated surrounding area in order to reduce
the apparent brightness of the oscilloscope screen. Luminance levels were
measured using a Tektronix J6523-2 1° Narrow Angle Luminance Probe.
The target stimuli were drifting gratings that moved randomly either in a
leftward or rightward direction with a spatial frequency of 1.0, 4.0, and
8.0 c/deg and a temporal frequency of 0.75, 3.0, 6.0, 12.0, or 18.0 cyc/s. The
drifting grating had a luminance proWle that is described by the following
formula: Lu (x,t) D L0{1 + m cos(fx § wt)} where L0 is the mean lumi-
nance, m is the contrast, f/2 is spatial frequency, x a point in the visual
Weld, w/2 is the temporal frequency or drift velocity in cyc/s, and t is time.
This formula describes a grating drifting at a rate of w, and the sign wt
indicates that the grating can drift in a leftward or rightward direction.
Michelson’s measure of contrast was used and is deWned by the following
equation: C D (Lmax ¡ Lmin)/ (Lmax + Lmin), where Lmax is the luminance of
the most intense part of the grating and Lmin is the least intense part of the
grating.
2.5. Procedure
A two-alternative forced choice (2-AFC) procedure in combination
with a modiWed staircase procedure was used to measure directional
motion contrast sensitivity. The staircase procedure measured target
detection with an accuracy of 79.4% on a psychometric function (Wetherill
& Levitt, 1965). On each trial, the observer was presented with a 500 ms
grating that drifted randomly either in a leftward or rightward direction.
Each trial was marked by a soft 30 ms duration tone at its beginning and a
soft 60 ms tone at its end. The observer’s response was made on a response
pad with two response buttons positioned side by side and assigned as left-
ward and rightward motion. A response could be made at any time during
stimulus presentation and up to 10 s after the completion of a trial before
the next trial was automatically initiated following a two second inter-trial
interval. The subject received no feedback about performance on any trial,
and was instructed to guess when uncertain. Following dark adaptation,
and prior to testing, each subject was given a series of preliminary practice
trials to provide suYcient practice until mastery of the task was achieved.
In each condition the staircase procedure began with a stimulus contrastlevel of 0.1 or .05 which were well above threshold, and after each three
consecutively correct responses the stimulus contrast was decreased with a
1.5 dB step size until the subject’s Wrst error. At this stage the Wrst staircase
reversal occurred and the staircase procedure automatically switched to a
0.75 dB step-size for the remaining 8 staircase reversals. The staircase went
up one contrast step size whenever the subject made an incorrect response
and went down one contrast step size after three consecutively correct
responses. The last four staircase reversal contrast values were averaged to
calculate a contrast threshold. Each threshold took approximately 3–4 min
to complete after which each subject was given a brief rest. A missed trial
could be repeated at the subject’s request, but on no occasion was such a
request made by any subject. The dependent measure was contrast thresh-
old for drifting sinusoidal gratings with a spatial frequency of 1.0, 4.0, and
8.0 c/deg and Wve drift velocities of 0.75, 3.0, 6.0, 12.0, and 18.0 cyc/s deliv-
ered in counterbalanced order. Data are reported as log contrast sensitiv-
ity. All viewing was binocular and with natural pupils.
3. Results
3.1. Directional motion contrast sensitivity in groups with 
dyslexia and normal observers
The mean log contrast sensitivity data are shown in
Fig. 1a–c. The data were analysed using a Greenhouse–
Geisser corrected analysis of variance with one between
factor (Groups) and with repeated measures on Spatial
Frequency (1.0, 4.0, and 8.0 c/deg) and Drift Velocity (0.75,
3.0, 6.0, 12.0, and 18.0 cyc/s) and Full-scale IQ as used as a
covariate. The results of the analysis revealed a non-signiW-
cant Groups main eVect, F (1, 61) D 2.59, p > .05. The Spatial
Frequency, F (2, 86) D 660.29, p < .0001, and Drift Velocity,
F (3,139) D 297.17, p < .0001, main eVects were both signiW-
cant, and for each spatial frequency, contrast was an
inverted U-shaped function of drift velocity. The
Groups £ Spatial Frequency interaction, F (2, 88) D 0.61,
p > .05, the Groups £ Drift Velocity interaction,
F (3,140) D 1.80, p > 05, and the Groups £ Spatial
Frequency £ Drift Velocity interaction, F (6, 346) D 0.79,
p > .05, were non-signiWcant.
3.2. Directional motion contrast sensitivity in the Boder 
(1973) subgroups of dyslexia
Directional motion sensitivity in the Boder (1973) dysei-
detic, dysphonetic, and mixed subgroups as a function of
spatial frequency and drift velocity is shown in Fig. 2a–c.
The data were analysed using a Greenhouse–Geisser cor-
rected analysis of variance with one between factor
(Groups: control, dyseidetic, dysphonetic, and mixed) and
with repeated measures on Spatial Frequency (1.0, 4.0, and
8.0 c/deg) and Drift Velocity (0.75, 3.0, 6.0, 12.0, and
18.0 cyc/s) and with Full-scale IQ as a covariate. The
Groups main eVect was non-signiWcant, F (3, 59) D 1.72,
p > .05, eVect size 2 D 0.104, and post hoc power was. The
Spatial frequency main eVect was signiWcant,
F (2,84) D 4.53, p < .02. The Temporal Frequency main
eVect, F (3, 136) D 2.28, p D 098, and the Spatial
frequency £ Drift Velocity interaction, F (6, 348) D 0.46,
p > 0.05, were non-signiWcant. The Groups £ Spatial
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Groups £ Drift Velocity interaction, F (7, 136) D 1.62,
p > .05, were non-signiWcant. The Groups £ Spatial
frequency £ Drift Velocity interaction was signiWcant,
F (18, 348) D 2.04, p < 0.008, eVect size 2 D 0.094, and post
hoc observed power was 0.98. Post hoc one-way analysis of
variance showed that there were signiWcant diVerences
between the groups at a spatial frequency of 1.0 c/deg and
temporal frequencies of 6.0, F (3,60) D 5.12, p < .003,
12.0 cyc/s, F (3, 60) D 3.25, p < .02, and 18.0 cyc/s,
F (3, 60) D 4.78, p < .004. The only other signiWcant diVer-
ences between the groups were found at 4.0 and 8.0 c/deg
and a temporal frequency of 0.75 cyc/s. Tukey post hoc tests
showed the following signiWcant diVerences: First, at each
spatial and temporal frequency there were no signiWcant
diVerences in directional motion contrast sensitivity
between the control group and dyseidetic subgroup. Sec-
ond, in comparison with the control group mean direc-
tional motion contrast sensitivity was found to be lower in
the dysphonetic and mixed subgroup. Third, in comparison
with the dyseidetic group mean directional motion contrastsensitivity was found to be lower in the dysphonetic and
mixed subgroup. No signiWcant diVerences in directional
motion contrast sensitivity were found between the dyspho-
netic and mixed subgroup. Finally, the results were re-ana-
lysed using Reading Age as a covariate and this resulted in
signiWcant Groups £ Spatial Frequency £ Drift Velocity
interaction, F (18, 472) D 1.94, p < .02, 2 D 0.09.
3.3. Directional motion contrast sensitivity in Castles and 
Coltheart’s (1993) ‘surface’ and ‘phonological’ and ‘mixed’ 
subgroups of dyslexia
Directional motion sensitivity in the Williams et al.
(2003) surface, phonological and mixed subgroups as a
function of spatial frequency and drift velocity can be seen
in Fig. 3a–c. The data were analysed using a repeated mea-
sures analysis of variance with Full-scale IQ as a covariate.
The results revealed a signiWcant Groups main eVect,
F (3, 59) D 5.76, p < .002, eVect size 2 D 0.104. Tukey post
hoc comparisons revealed no signiWcant diVerences in mean
motion contrast sensitivity between the control, surface,Fig. 1. Contrast sensitivity at three spatial frequencies; (a) 1.0 c/deg, (b) 4.0 c/deg, and (c) 8.0 c/deg, as a function of temporal frequency (0.75, 3.0, 6.0, 12.0,
and 18.0 cyc/s) in a group of normal readers and in the group with dyslexia. Standard error bar are shown in the Wgures.
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a b cFig. 2. Contrast sensitivity at three spatial frequencies; (a) 1.0 c/deg, (b) 4.0 c/deg, and (c) 8.0 c/deg, as a function of temporal frequency (0.75, 3.0, 6.0, 12.0,
and 18.0 cyc/s) in a group of normal readers and in the Boder (1973) dyseidetic, dysphonetic, and mixed dyslexia subgroups. Standard error bar are shown
in the Wgures.
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the control and surface dyslexia subgroups, mean motion
sensitivity was signiWcantly lower in the mixed dyslexia
group (p < .02), and in comparison with the phonological
subgroup mean motion contrast sensitivity was also signiW-
cantly lower in the mixed subgroup (p < .04). The Spatial
frequency, F (2, 88) D 460.62, p < .0001, and Drift Velocity
main eVects, F (4,134) D 199.00, p > .0001, were signiWcant.
The Groups £ Spatial Frequency interaction was signiW-
cant, F (5, 88) D 2.56 p < .03, 2 D 0.113, and post hoc
observed power was .727. Tukey post hoc comparisons
revealed the following diVerences. First, there was no sig-
niWcant diVerences in motion sensitivity between the con-
trol, surface and phonological subgroups. Second, in
comparison with the control group, mean motion sensitiv-
ity was signiWcantly lower at 1.0, 4.0, and 8.0 c/deg (p < .02)
in the mixed subgroup. Finally, in comparison with the sur-
face and phonological subgroups, mean motion sensitivity
was signiWcantly lower in the mixed subgroup at 4.0 and
8.0 c/deg (p < .001). The Groups £ Drift Velocity interac-
tion, F (7,134) D 0.79, p > .05, and the Groups £ Spatial
Frequency £ Drift Velocity interaction, F (16,336) D 0.84,
p > .05, were non-signiWcant. In summary, the Wndings dem-
onstrate mean motion contrast sensitivity was signiWcantly
lower in the mixed subgroup at all spatial frequencies
tested.
4. Discussion
The main Wndings were as follows: Wrst, there were no
signiWcant diVerences in directional motion contrast sensi-
tivity between normal readers and the group with dyslexia.
Second, there were no signiWcant diVerences in motion sen-
sitivity between the Boder (1973) control and dyseidetic
subgroups, and in comparison with these groups, signiW-
cant reductions in directional motion sensitivity were found
for combinations of low spatial and medium to high drift
velocities in the dysphonetic and mixed subgroups which
together made up 68.7% of the group with dyslexia. Third,there were no signiWcant diVerences in motion sensitivity
between the control group and the Williams et al. (2003)
surface and phonological subgroups. In comparison with
the control group, mean motion sensitivity was signiWcantly
lower at 1.0, 4.0, and 8.0 c/deg in the mixed subgroup which
included 50% of the sample with dyslexia. Finally, in com-
parison with the surface and phonological subgroups, mean
motion sensitivity was signiWcantly lower in the mixed sub-
group at 4.0 and 8.0 c/deg.
One of the contentious problems in visual processing in
dyslexia is whether there is evidence for a disorder in mag-
nocellular channels. The solution to this question is depen-
dent on a larger current debate about how magnocellular
and parvocellular pathways interact and combine their
information at the cortical level (Maunsell, 1992; Spillman
& Werner, 1990). However, at present there appears to be
some agreement about the spatial and temporal processing
limits of magnocellular and parvocellular channels and
their overlap of functioning (Bassi & Lehmkuhle, 1980;
Breitmeyer & Williams, 1990; Breitmeyer, 1984, 1992;
Green, 1983, 1984; Kaplan, Lee, & Shapley, 1990; Legge,
1978; Merigan, 1991). In the spatial domain parvocellular
channels appear to show little response to spatial frequen-
cies below 1.5 c/deg and magnocellular channels show little
responsiveness above 2.0 c/deg (Green, 1981, 1983; Lennie,
1980). In the temporal domain there is general agreement
that low, medium and high temporal frequencies are repre-
sented by 1.0, 2.3, and 10.0 cyc/s respectively (Burbeck &
Kelly, 1981a, 1981b; Legge, 1978; Merigan & Eskin, 1986),
that temporal frequencies between 2.0 and 5.0 cyc/s repre-
sent a transitional phase from parvocellular to magnocellu-
lar channels (Burbeck & Kelly, 1981a, 1981b), and that the
temporal response sensitivity of the magnocellular channels
declines below 4.0 cyc/s and above 15.0 cyc/s (Derrington &
Lennie, 1984). In the present research, a 1.0 c/deg grating
that drifts at 6.0 cyc/s is optimal for the engagement of the
magnocellular system. Based on these assumptions, it may
be concluded that the signiWcant reduction in directional
motion sensitivity for combinations of 1.0 c/deg and 6.0,Fig. 3. Contrast sensitivity at three spatial frequencies; (a) 1.0 c/deg, (b) 4.0 c/deg, and (c) 8.0 c/deg, as a function of temporal frequency (0.75, 3.0, 6.0, 12.0,
and 18.0 cyc/s) in a group of normal readers and in the Williams et al. (2003) surface, phonological, and mixed dyslexia subgroups. Standard error bar are
shown in the Wgures.
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netic and mixed subgroups is consistent with a reduction of
sensitivity in magnocellular channels. In addition, the non-
signiWcant diVerences in directional motion sensitivity for
combinations of 1.0 c/deg and very slow (0.75 cyc/s) and
medium (3.0 cyc/s) drift velocities are consistent with intact
sensitivity in parvocellular channels.
The signiWcantly lowered directional motion sensitivity
for combinations of 4.0 and 8.0 c/deg and an almost station-
ary 0.75 cyc/s in the Boder (1973) dysphonetic and mixed
subgroups is striking for its speciWcity and may be
explained as follows. Research has demonstrated that
motion sensitivity at low spatial frequencies is detected by
mechanisms that are labelled for the direction of visual
motion (Derrington & Lennie, 1984; Levinson & Sekuler,
1975; Watson et al., 1980; Watson & Robson, 1981), and
high spatial frequencies that drift at low temporal frequen-
cies are not labelled for ‘direction’ at contrast threshold and
are mediated by directionally non-selective mechanisms
(Watson et al., 1980). However, the latter Wnding does not
mean that there are no directionally selective motion mech-
anisms at slow velocities, it means that these mechanisms
are less sensitive in comparison with directionally selective
mechanisms (McKee & Watamaniuk, 1994). Based on these
assumptions, the signiWcant reduction in contrast sensitiv-
ity for combinations of 4.0 and 8.0 c/deg and 0.75 cyc/s in
the Boder (1973) dysphonetic and mixed subgroups points
to a reduction of sensitivity in non-directionally selective
mechanisms for very slowly moving target stimuli. The rele-
vance of this Wnding for motion detection in dyslexia is that
a motion detection mechanism of any kind must be able to
distinguish a standing from a moving stimulus (Braddick,
1980). In other words, a motion detection mechanism must
have a null position for visual motion so that a standing
object signals the absence of motion. In relation to the
Boder (1973) dysphonetic and mixed subgroups, the reduc-
tion of sensitivity for slow motion, or alternatively, the
higher threshold for the detection of directional visual
motion in these subgroups suggests the presence of a
broader ‘no motion zone’ in which objects that move very
slowly appear to be standing still. Similarly, the signiW-
cantly lower mean motion sensitivity at all three spatial fre-
quencies averaged across all drift velocities in the Williams
et al. (2003) mixed subgroup indicates the presence of a
global reduction in motion sensitivity that includes magno-
cellular and parvocellular channels. Assuming that both
channels play a role in the lowered motion sensitivity in the
Boder (1973) dysphonetic and mixed subgroups and the
Williams et al. (2003) mixed subgroup, their role in motion
sensitivity in these subgroups may be explained as follows.
Recent models of motion detection describe how the direc-
tion and speed of visual motion of complex stimuli is
Wltered by the visual system into multiple channels that
operate in the spatial and temporal frequency domain
(Kaplan et al., 1990; Shapley & Lennie, 1985). The models
assume that each spatial frequency selective channel may
contain up to three temporal mechanisms which have over-lapping sensitivity proWles and one of which is low-pass and
the others are band-pass (Smith, 1991). Furthermore, the
mechanisms that analyse visual motion may draw on infor-
mation provided by magnocellular channels with high con-
trast sensitivity and low-pass spatial and band-pass
temporal frequency selectivity, and parvocellular channels
with colour-opponency and band-pass spatial and low-pass
temporal frequency selectivity (Enroth-Cugell & Robson,
1966; Kaplan et al., 1990). For example, in the model by
Smith (1991) and Smith and Edgar (1994) motion detection
is considered to be similar to colour-opponency (Smith,
1991) so that target velocity is encoded by an antagonistic
comparison between parvocellular and magnocellular
channels. In terms of this model, the reduction in direc-
tional motion sensitivity for combinations of 4.0 and 8.0 c/
deg and 0.75 cyc/s in the Boder (1973) dysphonetic and
mixed subgroups may reXect the presence of a loss of sensi-
tivity in low-pass motion mechanisms, the more global
reduction in motion sensitivity in the Williams et al. (2003)
mixed subgroup may reXect a loss of sensitivity in low- and
band-pass temporal mechanisms of velocity encoding, and
the eVect of a reduction in sensitivity in both may be to dis-
turb the antagonistic comparison between magnocellular
and parvocellular channels in the production of motion sig-
nals.
Is it possible to explain the lowered motion contrast sen-
sitivity in the Boder (1973) dysphonetic and mixed sub-
groups and in the Williams et al. (2003) mixed subgroup in
terms of other factors such as diVerences in attention or
intellectual ability or as deWcit in perceptual noise exclusion
in dyslexia as proposed by Sperling et al. (2005)? Stuart
et al. (2001) argued that the diVerences in contrast sensitiv-
ity in dyslexia may be explained by lapses in attention. If
lapses in the ability to maintain attention played a role in
the present experiment they would have occurred randomly
and resulted in a global reduction in motion sensitivity and
a global reduction in performance on the WISC scale in the
group with dyslexia. However, instead of a global reduction
in motion sensitivity in the group with dyslexia taken as a
whole, the results showed that motion sensitivity was diVer-
entially lowered only for speciWc, and predicted, combina-
tions of spatial frequency and drift velocities in the Boder
(1973) dysphonetic subgroup and the mixed subgroups. In
addition, performance on the WISC subscales was only
lowered on subscales that include a sequential temporal
component and this lowered performance is unlikely to
have resulted from an inability to attend. Thus, although
the global reduction in motion sensitivity in the Williams
et al. (2003) mixed subgroup appears to be consistent with a
reduction in the ability to attend, this is not matched with a
global reduction in performance on the WISC verbal and
performance subscales, and is therefore, more readily
explained in terms of lowered motion sensitivity rather than
a lowered ability to attend. Also, in order to control for
lowered performance on the Verbal and Full-scale IQ sub-
scales in the dyslexia group, Full-scale IQ was used as a
covariate in all analyses of the motion sensitivity data.
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trast thresholds in dyslexia using magnocellular (2.0 c/deg-
15.0 Hz counterphase Xickering grating) and parvocellular
(8.0 c/deg stationary grating) engaging stimuli that were
measured without and with high-visual-noise. They report
that the group with dyslexia had elevated contrast thresh-
olds when stimuli of either kind were measured with high-
visual-noise and performed as well as normal readers when
the two kinds of stimuli were presented without-visual-
noise. The Wndings by Sperling et al. (2005) in the without
visual-noise condition are inconsistent with those reported
for the dysphonetic and mixed dyslexia subgroups in the
present study, and the contrast threshold levels they report
are signiWcantly higher in comparison with those reported
in representative studies of contrast threshold in dyslexia
(e.g., Ridder et al., 1997; Slaghuis & Ryan, 1999; Williams
et al., 2003). For example, our Wndings show that mean con-
trast threshold for a 1.0 c/deg-12 Hz counterphase Xickering
500 ms grating was 0.41% in the control group (contrast
threshold D 0.0041, contrast sensitivity D 239.2) and was
0.45% when dyslexia was taken as a homogeneous group
(contrast threshold D 0.0045, a contrast sensitivity D 221.7).
Using a slightly lower spatial frequency target stimulus of
0.0625 c/deg-15 Hz target stimulus with a duration of
500 ms, Ridder et al. (1997) report in their Fig. 2 that con-
trast threshold in the control and dyseidetic groups was
approximately 0.0079 (contrast threshold D 0.79, contrast
sensitivity D 128.8). Similarly, using a Gausian blob
(SD D 1.17°) Xickered at 8.33 Hz for 1000 ms, Williams et al.
(2003) in Fig. 1 report a contrast threshold of approxi-
mately 0.008 (contrast threshold D 0.8, contrast
sensitivity D 125.8) for control and dyslexia subjects when
taken as a single group. In comparison, an examination of
Fig. 2 in Sperling et al. (2005) indicates that mean contrast
threshold in the without-visual-noise condition for a 2.0 c/
deg-15.0 Hz stimulus presented for 200 ms was approxi-
mately 11% (a contrast threshold of 0.11, and contrast sen-
sitivity of 9.09) in the normal reader group, and
approximately 12% in the dyslexia group (a contrast
threshold of 0.12, and contrast sensitivity of 8.33) and rep-
resents a 26-fold elevation in contrast threshold in compar-
ison with our Wndings. How can the elevated contrast
thresholds and the non-signiWcant diVerence between the
normal reader and dyslexia groups reported by Sperling
et al. (2005) be explained? First, there is broad agreement
about the spatio-temporal processing limits and overlap of
functioning in parvocellular and magnocellular pathways
in the neurophysiological and psychophysical research lit-
erature which indicates that in the spatial domain parvocel-
lular pathways show little or no response to spatial
frequencies below 1.5 c/deg and that magnocellular path-
ways show little responsiveness above 2.0 c/deg (Green,
1983, 1984; Lennie, 1980; Merigan, 1991). In the temporal
domain, there is general agreement that low, medium and
high temporal frequencies are represented by 1.0, 2.3, and
10.0 Hz, respectively (Burbeck & Kelly, 1981a, 1981b;
Legge, 1978; Merigan & Eskin, 1986), and that temporalfrequencies between 2.0 and 5.0 Hz represent a transition
phase from parvocellular to magnocellular pathways (Bur-
beck & Kelly, 1981a, 1981b). Research on the contrast gain
ratio of magnocellular and parvocellular cells indicates that
the magnocellular cell gain response rises steeply at low
contrast levels and begins to saturate at a contrast level of
0.10 (10%) and that parvocellular cells have a shallow gain
response curve that is linear up to a contrast level of about
0.64 (Kaplan et al., 1990; Merigan & Maunsell, 1993). Thus,
given the above spatio-temporal processing limits and over-
lap of functioning in parvocellular and magnocellular path-
ways, the 2.0 c/deg target stimulus used by Sperling et al.
(2005) was not optimal for testing the functioning of the
magnocellular pathway in isolation, and is reXected in the
contrast threshold levels of 10% at which magnocellular
cells begin to saturate and at which parvocellular cells are
simultaneously engaged in the task of target detection. Sec-
ond, Sperling et al. (2005) used 200 ms target stimuli with
ramped temporal proWles, and this means that at target
onset there was a gradual increase in target contrast over an
unspeciWed period and similarly at target oVset there was a
gradual decrease in target stimulus contrast. In comparison,
the present study used 500 ms target stimuli with a square-
wave temporal proWle and this means that the contrast level
of target stimuli at its onset and oVset was instantaneous
and constant throughout. Ramped target stimuli in studies
of contrast sensitivity are usually used to dampen, or
exclude, the visual systems transient onset and oVset
responses to the onset and oVset of target stimuli. In other
words, the ramped target stimuli used by Sperling et al.
(2005) diminished the involvement of magnocellular path-
ways which are selectively sensitive to rapid temporal tran-
sitions that occur at the onset and oVset of target stimuli.
Third, Sperling et al. (2005) used a spatial two-alternative
forced choice method of target presentation in which target
stimuli were presented randomly either to the left or right
of a central Wxation point in parafoveal areas and involves
a distribution of visual attention. In comparison, the major-
ity of studies on contrast sensitivity in dyslexia have used a
temporal two-alternative forced choice method in which
target and blank Weld control stimuli are alternated ran-
domly in time at a Wxation point in central vision where
reading is conducted and where contrast sensitivity and
acuity are maximal and which allows visual attention to be
focused. Fourth, Sperling et al. (2005) used a 2-down/1-up
reversals staircase procedure with an unspeciWed level of
measurement accuracy and limited trials to 80 for each con-
dition to measure contrast threshold. In comparison, the
majority of studies on contrast sensitivity in dyslexia have
measured contrast threshold using a 3-down/1-up staircase
procedure with a speciWed measurement accuracy of 79.4%
on a psychometric function and used an unlimited number
of trials to estimate contrast threshold (e.g., Ridder et al.,
1997; Slaghuis & Ryan, 1999; Williams et al., 2003). The
lower level of measurement accuracy used by Sperling et al.
(2005) implies more error variance in the measurement of
contrast threshold. Finally, Sperling et al. (2005) combined
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trials in a single block of trials and this intermingling of two
very diVerent experimental conditions may have con-
founded the threshold measurement of each condition. The
reason is that the two simultaneously conducted staircase
procedures would have resulted in constant changes in the
state of luminance adaptation at threshold and conse-
quently subjects would have found it very diYcult to estab-
lish and simultaneously maintain stable separate criteria for
judging the presence and absence of without-visual noise
and high-visual-noise target stimuli at threshold. In conclu-
sion, the use by Sperling et al. (2005) of ramped 2.0 c/deg
target stimuli presented in parafoveal vision with intermin-
gled without- and high-visual-noise experimental trials,
when taken together, was an inadequate test of diVerences
in contrast sensitivity in dyslexia.
An analysis of the WISC scale performance proWles of
subjects in the Boder (1973) and Williams et al. (2003) sub-
groups provided evidence for a uniform pattern of deWcits
Wrst identiWed by Bannatyne (1968). Bannatyne (1968) pro-
posed a categorisation of the WISC subscale scores of chil-
dren with dyslexia into three components; Conceptual
(Vocabulary, Similarities, and Comprehension), Spatial
(Block Design, Object Assembly, and Picture Completion),
and Sequential (Digit Span, Coding or Digit Symbol, and
Picture Arrangement). Although the Information and
Arithmetic subscales were excluded from the Bannatyne
(1968) classiWcation, Arithmetic could have been included
in the sequential category. Rugel (1974) showed that chil-
dren with dyslexia scored signiWcantly lower on Vocabu-
lary, Information, Digit Span, and Coding (Digit Symbol),
and equal or better than average readers on Picture Com-
pletion, Picture arrangement, Object Assembly, Block
Design, and Comprehension (Bannatyne, 1968; Rugel,
1974). Our Wndings show that performance on the WISC
Information, Arithmetic, Digit Span, and Coding subscales
was signiWcantly lower in all dyslexia subgroups in both
classiWcation schemes and may be explained as follows. The
lowered performance on the Information subtest in dys-
lexia most likely reXects the eVect of having a reading and
spelling disorder. The lowered performance on the Digit
Span and Arithmetic subtests in dyslexia is consistent with
a lowered capacity in short term working memory for
information that is presented rapidly and sequentially. Sla-
ghuis and Ryan (1999) proposed that the lowered perfor-
mance on the Coding (Digit Symbol) subscale in dyslexia
was because it engages cognitive skills that play a funda-
mental role in the reading process such as visual-verbal
mediation and short-term working memory and learning,
and engages skills in which magnocellular channels play a
role such as visual attention (Steinman, Steinman, & Gar-
zia, 1996), perceptual speed (Shaw, 1967), the location of
spatial information, the direction of gaze and sequencing of
eye movements (Lennie, 1993), and visual-motor coordina-
tion. In conclusion, the lowered performance on the Digit
Span and Coding subscales in dyslexia is consistent with a
disorder in sequential Bannatyne (1968) and temporalorder processing (Bakker, 1970; Lovegrove, 1993, 1996)
that according to Rugel (1974) appears to reXect an inabil-
ity to retain sequences of non-meaningful auditory and
visual stimuli in short-term working memory.
There are a number of limitations inherent in research
on subgroups in dyslexia and in comparisons between clas-
siWcation schemes and these limitations need to be consid-
ered in relation to the conclusions of the present study.
Williams et al. (2003) noted that any reported diVerences
may partially reXect the proportions of subjects in each
subgroup in the sample. The subgroups in the study by Wil-
liams et al. (2003) contained 4 surface, 8 phonological, and
8 mixed subjects in a sample of 20 children with dyslexia. In
the present study, the subgroup sample sizes in the Boder
(1973) subgroups were 10 dyseidetic, 10 dysphonetic, and
12 mixed subjects, and in the Williams et al. (2003) sub-
groups there were 6 surface, 10 phonological, and 16 mixed
subjects. The subgroup sample sizes in the present study
were small and varied in size and this variability would
lower the reliability of the present Wndings. The selection
criteria for the allocation of the Williams et al. (2003) sub-
groups were also modiWed in the present study because of
the uniformly low reading performance in the dyslexia sub-
groups, and although reading performance diVerences
between the three subgroups on the Castles (1994) reading
scales were highly signiWcant they were not as large as those
reported in the Williams et al. (2003) study which used two
standard deviation diVerences for the selection of the sur-
face and phonological subgroups. The average reading
delays in the subgroups with dyslexia in the present
research were between 3.0 and 5.0 years and were least in
the dyseidetic and surface subgroups and largest in the
mixed dyslexia subgroups, and overall, the reading delays
in the dyslexia group were longer than those required to
satisfy a diagnosis of dyslexia. Given these limitations and
diVerences, the conclusions are as follows: Wrst, the results
provide support for a broad consistency in visual motion
sensitivity in dyslexia which shows that motion sensitivity is
intact in the Boder (1973) dyseidetic and Williams et al.
(2003) surface dyslexia subgroups and is signiWcantly low-
ered in the Boder (1973) and Williams et al. (2003) mixed
subgroups which included children with the most severe
and global reading disorders. Second, the speciWc reduc-
tions in motion sensitivity in the Boder (1973) dysphonetic
and mixed subgroups were consistent with lowered sensitiv-
ity in magnocellular and parvocellular channels, and the
overall reduction of motion sensitivity in the Williams et al.
(2003) mixed subgroup also indicated a lowered visual sen-
sitivity in both channels. However, the inconsistencies in
motion sensitivity that were found in the two dyslexia clas-
siWcation schemes indicate that the making of inferences
about the putative underlying visual processing mecha-
nisms in subgroups with dyslexia must remain tentative at
present. Third, the psychometric Wndings provide clear evi-
dence for the presence of a disorder in sequential and tem-
poral order processing that appears to reXect a diYculty in
retaining sequences of non-meaningful auditory and visual
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lexia. Finally, the present Wnding that visual motion sensi-
tivity is signiWcantly lowered in those children with a more
severe and global reading disorder is relevant to the current
debate about the role of visual processing in dyslexia. Wil-
liams et al. (2003) note that the reading delays in the chil-
dren with dyslexia in the original studies by Lovegrove
et al. (1982) and Martin and Lovegrove (1984, 1988) were
from 4 to 5 years and far exceed the reading delays required
to meet the diagnostic criteria for dyslexia and point out
that this may explain the failure to Wnd signiWcant diVer-
ences in more typical samples in which reading delays are
not as severe.
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